1. Risk Factors for Neural Injury {#sec1-ijms-16-19657}
=================================

A substantial amount of evidence demonstrates that neural injury is associated with multiple pathological signaling pathways and that these mechanisms play a pivotal role in the development of disease processes and during the application of various therapies. This review will focus on neural injury induced by various sources including neurodegeneration, neurotrauma, and neuroinflammation.

Neurodegeneration is the progressive loss of the structure or function of neurons, including death \[[@B1-ijms-16-19657],[@B2-ijms-16-19657]\]. It is well known that Parkinson's disease (PD), Alzheimer's disease (AD), Huntington's disease (HD), and amyotrophic lateral sclerosis (ALS, or Lou Gehrig's disease) occur as a result of neurodegenerative processes \[[@B3-ijms-16-19657]\]. There is an increasingly enthusiastic interest in more fully understanding the molecular bases of the pathogenesis of these neurodegenerative diseases \[[@B3-ijms-16-19657],[@B4-ijms-16-19657],[@B5-ijms-16-19657]\]. Although a variety of risk factors contribute to this type of disease, oxidative stress is a common element associated with neurodegenerative disease processes. Neuronal populations within the central nervous system (CNS) are especially susceptible to oxidative stress due to their limited capacity for regeneration, high metabolic rate, and iron/copper composition \[[@B6-ijms-16-19657]\]. Mounting evidence indicates that, in the context of CNS injury, reactive oxygen species (ROS) and reactive nitrogen species (RNS) also contribute to protein aggregation and misfolding \[[@B7-ijms-16-19657],[@B8-ijms-16-19657],[@B9-ijms-16-19657]\] and lead to damaging effects. An increase in oxidative stress via the action of dopamine may also lead to additional neuronal damage, mitochondrial injury, and altered cellular transport in PD \[[@B10-ijms-16-19657]\]. Furthermore, oxidative damage may induce protein aggregates and neuronal dysfunction that can affect the activity of ion channels and pumps, neurotransmission, and axonal and dendritic transport in AD \[[@B11-ijms-16-19657]\]. Sipione *et al.* \[[@B12-ijms-16-19657]\]. demonstrated in animals that the presence of 3-nitropropionate, a mitochondrial toxin, results in neuropathology similar to that observed in human HD; this suggests that the pathogenesis of HD is also associated with oxidative stress and mitochondrial dysfunction. ALS is a devastating neurodegenerative disease and results in the degeneration of motor neurons, which leads to progressive muscle wasting, weakness, and paralysis and eventually culminates in respiratory failure and death \[[@B13-ijms-16-19657]\]. Mutations in the Cu/Zn superoxide dismutase (*SOD*) gene are associated with familial ALS suggesting that ALS is also associated with oxidative damage \[[@B14-ijms-16-19657]\].

Based on their etiology, most neural injuries are associated with several pathophysiological processes that progress from neurotrauma and/or neuroinflammation to neurodegeneration. Such neurotraumatic injuries include stroke (hemorrhage or ischemia), spinal cord injury (SCI), and traumatic brain injury (TBI) and are differentiated from chronic neurodegenerative CNS disorders such as AD, PD, HD, and ALS \[[@B6-ijms-16-19657]\]. However, that it is still difficult to distinguish the biochemical pathways that are active during the "acute" and "chronic" phases of neural injury should be considered. Neurotraumatic injuries exhibit two major patho-anatomical zones based on the mechanism underlying the injury. The core zone has a lesion site, which results in necrotic neuronal death within minutes to hours following the insult \[[@B15-ijms-16-19657]\], whereas the penumbra zone is the area surrounding a traumatic event such as hemorrhage, ischemia, contusion, or compression of neural tissue \[[@B16-ijms-16-19657]\]. The neuroinflammatory response is also a key pathological mechanism underlying neural injury. Multiple sclerosis (MS), a chronic inflammatory and progressive disease of the CNS, eventually causes demyelination and axonal injury \[[@B17-ijms-16-19657],[@B18-ijms-16-19657]\]. A large number of studies using an animal model of MS (experimental autoimmune encephalomyelitis; EAE) to investigate the pathogenesis of this autoimmune disease have found that oxidative stress plays a role in MS as well \[[@B19-ijms-16-19657],[@B20-ijms-16-19657],[@B21-ijms-16-19657]\]. It has been proposed that an inflammatory response is related to classic neurodegeneration in diseases such as AD and PD \[[@B22-ijms-16-19657],[@B23-ijms-16-19657]\]. One study using a mouse model of PD demonstrated that selective inhibitors of cyclooxygenase (COX)-2 exert neuroprotective effects following 1-methyl-4-phenyl-1,2,3,6-tertahydropyridine (MPTP)-induced neurotoxicity \[[@B24-ijms-16-19657]\]. Nevertheless, one must use caution when defining the role of inflammatory responses in the pathogenesis of neural injury.

2. Window for Multi-Active Therapies: Primary and Secondary Injury {#sec2-ijms-16-19657}
==================================================================

Accumulating evidence demonstrates that multiple pathways are involved in the pathogenesis of neural injury and a number of mechanisms are activated following its onset ([Figure 1](#ijms-16-19657-f001){ref-type="fig"}). In particular, neurotraumatic injuries such as stroke, SCI, and TBI are characterized by two distinct pathophysiological mechanisms. Primary injury at the site of the lesion causes necrosis in neurons, which is likely to be irreversible, even with therapeutic intervention, within minutes to hours following injury \[[@B25-ijms-16-19657]\]. In contrast, the secondary injury process is a prime target for therapeutic intervention because it involves a number of treatable mechanisms including the activation of microglia, infiltration of macrophages, secretion of pro-inflammatory cytokines (TNF-α, IFN-γ, *etc.*), intracellular calcium (Ca^2+^) influx, glutamate excitotoxicity, and inflammation \[[@B26-ijms-16-19657]\]. Moreover, oxidative stress, which results in the presence of free radicals (ROS or nitric oxide (NO)), the oxidation of lipids, proteins, and DNA, and DNA damage, which leads to the activation of multiple cell death proteases (Calpains and Caspases) and the progressive apoptotic death of neurons and glia in the hours and weeks following the injury are involved \[[@B27-ijms-16-19657],[@B28-ijms-16-19657],[@B29-ijms-16-19657]\]. The increase in lesion size over time following the injury is considered to be secondary injury damage, which spreads into the caudal penumbra.

![Time window for multi-active therapies. Time schedules of various events are progressed following neural injury including neurodegeneration, neurotrauma, and neuroinflammatory responses. These patholophysiological processes, which are distinguished as either primary or secondary injuries, possess considerable potential as therapeutic targets. This figure is adapted from Okano (2002) with some modifications \[[@B30-ijms-16-19657]\].](ijms-16-19657-g001){#ijms-16-19657-f001}

Despite the use of various therapeutic interventions to attenuate the pathogenesis of neural injury, hormone therapies using estrogen (17β-estradiol; E~2~) and/or melatonin as neuroprotectants are thought to be effective approaches with several beneficial effects \[[@B31-ijms-16-19657],[@B32-ijms-16-19657],[@B33-ijms-16-19657]\]. Both estrogen and melatonin are of particular interest for the treatment of neural injury because both of these compounds exert anti-inflammatory, antioxidant, anti-apoptotic, neurotrophic, and angiogenic actions *in vitro* and *in vivo* \[[@B34-ijms-16-19657],[@B35-ijms-16-19657],[@B36-ijms-16-19657],[@B37-ijms-16-19657]\]. Estrogen has powerful anti-inflammatory effects via the attenuation of pro-inflammatory cytokine levels, intracellular Ca^2+^ influx, and glutamate excitotoxicity \[[@B38-ijms-16-19657]\], while melatonin has strong antioxidative effects as a scavenger of free radicals such as ROS and NO \[[@B39-ijms-16-19657]\]. Recently, it was shown that melatonin enhances the proliferation of neural stem cells (NSCs) \[[@B40-ijms-16-19657]\], and that estrogen promotes their differentiation \[[@B41-ijms-16-19657]\]. NSCs are multipotential progenitor cells that possess self-regeneration capabilities; thus, a single NSC is capable of creating diverse types of cells within the CNS including neurons, astrocytes, and oligodendrocytes \[[@B30-ijms-16-19657]\]. Because of these characteristics, cell therapy with NSC transplantation has gained attention as a novel therapeutic intervention and, in fact, there is a growing interest in NSCs and neural progenitor cells in the fields of basic developmental biology and clinical therapy. It should be noted that these cell therapies must be applied within an optimal therapeutic time window.

3. Brain Aging and Neurodegeneration {#sec3-ijms-16-19657}
====================================

Brain aging is characterized by progressive deficits in neurophysiological function that are frequently accompanied by age-related neurodegeneration \[[@B42-ijms-16-19657]\]. It is widely recognized that the volume of the brain and/or the weight of the brain decreases with age at a rate of about 5% per decade after age 40 and possibly faster in individuals over the age of 70 \[[@B43-ijms-16-19657]\]. It has been suggested that a decline in neuronal volume rather than in the number of cells contributes to changes in the aging brain. Additionally, there may be changes in synapses and dendritic arborization and spines \[[@B44-ijms-16-19657]\]. Neuronal cell death via apoptosis is involved in all neurodegenerative diseases including AD, ischemic stroke, ALS, and PD. Therefore, a therapeutic agent that attenuates or prevents apoptotic cell death can be an effective strategy for the treatment of neurodegenerative diseases \[[@B45-ijms-16-19657]\].

Several changes involving physical, chemical, and biological processes occur from the molecular to the morphological level under aging processes \[[@B44-ijms-16-19657]\]. In particular, the alteration of mitochondrial function plays a key role in the neurodegenerative process of neuronal cell death via apoptotic signaling pathways \[[@B46-ijms-16-19657]\]. There are two apoptotic signaling pathways: the extrinsic pathway via the activation of membrane Fas receptors and the intrinsic, or mitochondrial, pathway \[[@B46-ijms-16-19657],[@B47-ijms-16-19657]\]. It is believed that the induction of apoptosis occurs by a sudden and/or sustained intracellular Ca^2+^ increase, which induces the activation of signals, such as ROS, which result in damage to DNA and endoplasmic reticulum (ER) stress \[[@B48-ijms-16-19657]\]. In turn, this damage leads to the activation of the pro-apoptotic Bcl-2 homologues, Bcl-2-associated protein X (Bax), and Bcl-2-antagonist killer (Bak), which are members of the Bcl-2 family of proteins that tightly regulates the apoptotic process \[[@B46-ijms-16-19657],[@B47-ijms-16-19657],[@B49-ijms-16-19657],[@B50-ijms-16-19657]\]. The mitochondrial pathway is a complex route because Bcl-2-regulated apoptosis requires Bax or Bak activation to cause mitochondrial damage. Members of the Bcl-2 family control the integrity of the mitochondrial membrane in healthy cells as well as its permeabilization, through oligomerization, in response to apoptotic stimuli and the formation of mitochondrial pores in the outer membrane. For this reason, specific mitochondrial pro-apoptotic proteins are produced in the cytoplasm \[[@B49-ijms-16-19657],[@B50-ijms-16-19657],[@B51-ijms-16-19657]\]. A typical protein identified with pro-apoptotic functions is Cyt *c*, which is released from the mitochondria into the cytoplasm through the permeability transition pore (PTP). Several studies suggest that Cyt *c* triggers formation of the apoptosome, which triggers pro-caspase 9 and, in successive steps, caspase-mediated apoptosis via caspases 3, 6, and 7 \[[@B5-ijms-16-19657]\] ([Figure 2](#ijms-16-19657-f002){ref-type="fig"}).

![Apoptosis can result from the activation of two biochemical streams known as the extrinsic and intrinsic (mitochondrial) pathways. The intracellular apoptotic (mitochondrial) pathway is triggered by intracellular signals such as excessive Ca^2+^ influx and the over-generation of ROS from mitochondria. The initiator caspase 9 is activated and can catalyze the proteolytic maturation of executioner caspases, such as caspase 3, which mediate apoptosis. The aperture of the permeability transition pore is a point of no return in the mitochondrial pathway because it is associated with the activation of both caspase-dependent and caspase-independent mechanisms that eventually execute cell death. Cytochrome *c* is released into the cytosol and interacts with pro-caspase 9 to form the apoptosome. This results in the sequential activation of caspase 9 and executioner caspases, such as caspase 3, a process that is known as the caspase cascade. Finally, DNA damage could also modulate the induction of Bcl2 pro-apoptotic proteins, such as BAX and BAK, which favor the apoptotic process.](ijms-16-19657-g002){#ijms-16-19657-f002}

4. Role of Melatonin in Age-Related Neural Degeneration {#sec4-ijms-16-19657}
=======================================================

Melatonin is released from the pinealocytes into the blood and cerebrospinal fluid in the third ventricle of the brain \[[@B52-ijms-16-19657]\]. Over the last decade, melatonin has emerged as a very powerful free radical scavenger and antioxidant \[[@B53-ijms-16-19657],[@B54-ijms-16-19657],[@B55-ijms-16-19657]\]. Produced endogenously or ingested as an exogenous supplement, melatonin is a potent indirect antioxidant via its stimulatory action on antioxidant enzymes \[[@B56-ijms-16-19657],[@B57-ijms-16-19657],[@B58-ijms-16-19657],[@B59-ijms-16-19657]\] as well as a direct free radical scavenger \[[@B60-ijms-16-19657]\]. It is well known that melatonin plays an important role in the attenuation of glutamate-mediated Ca^2+^ influx and inflammation by inhibiting levels of pro-inflammatory cytokines \[[@B61-ijms-16-19657],[@B62-ijms-16-19657],[@B63-ijms-16-19657],[@B64-ijms-16-19657]\]. It has also been reported that melatonin is present in some subcellular compartments, such as the nucleus and mitochondria \[[@B65-ijms-16-19657]\]. The occurrence of death signals involving oxidative stress indicates that mitochondria play a central role in apoptosis via the release of Cyt *c* and other apoptogenic factors \[[@B66-ijms-16-19657],[@B67-ijms-16-19657],[@B68-ijms-16-19657]\]. Borner \[[@B68-ijms-16-19657]\] reported that Bcl-2, Bcl-xL, and Bax, all members of the Bcl-2 family, regulate apoptosis through homodimerization and heterodimerization. While Bcl-2 is predominantly membrane-associated and localized in the nuclear envelope, ER, and mitochondrial membranes, a significant amount of Bcl-xL and most of the Bax proteins reside in the cytoplasmic fraction \[[@B69-ijms-16-19657]\]. Andrabi *et al.* \[[@B70-ijms-16-19657]\] showed that melatonin prevents the mitochondrial release of Cyt *c* in striatal neurons through direct inhibition of the mitochondrial PTP. In age-associated AD research, it has been suggested that melatonin supplementation improves circadian rhythmicity, produces beneficial effects on memory, and decreases agitated behavior, confusion, and "sundowning" \[[@B71-ijms-16-19657]\]. Several studies have found that melatonin significantly ameliorates tau hyperphosphorylation and, more specifically, attenuates tau hyperphosphorylation induced by wortmanin \[[@B72-ijms-16-19657]\], calyculin A \[[@B73-ijms-16-19657],[@B74-ijms-16-19657],[@B75-ijms-16-19657]\], and okadaic acid \[[@B76-ijms-16-19657]\] in N2a and SH-SY5Y neuroblastoma cells. Recently, Lin *et al.* \[[@B71-ijms-16-19657]\] suggested that melatonin also plays a role in protecting the cholinergic system from anti-inflammation and efficiently safeguards neuronal cells from amyloid beta (Aβ)-mediated toxicity via antioxidant and anti-amyloid properties.

5. Endogenous Factors Induced by Forced Exercise {#sec5-ijms-16-19657}
================================================

The brain is particularly sensitive to oxidative stress due to its high metabolic rate. It is well-established that oxidative stress is closely linked to the pathology of a variety of neurodegenerative diseases, including age-related disorders \[[@B77-ijms-16-19657]\]. Due to the high reactivity of ROS, its short lifespan, and issues related to its direct detection, ROS levels are often judged based on alterations of antioxidant status or the accumulation of relatively stable products of lipid, protein, and DNA interactions. However, indicators of oxidative damage other than the concentration and reactivity of ROS are also influenced by the activity of repair systems \[[@B78-ijms-16-19657],[@B79-ijms-16-19657]\]. Levels of the oxidative modification of lipids, proteins, and DNA are generally used as markers of oxidative damage and increase with age. However, other than the ROS-associated neurodegeneration that is associated with a significant ROS load, moderate amounts of these reactive species could have beneficial effects on signaling and neurogenesis \[[@B80-ijms-16-19657]\]. Exercise is a potent modulator of certain neurotrophins and such agents are likely to be significantly involved in the beneficial effects of exercise on CNS function \[[@B55-ijms-16-19657]\]. For example, although there is an increase in the generation of ROS during physical exercise, regular exercise is known to improve the physiological performance of skeletal and cardiac muscle and decrease the incidences of a wide range of diseases \[[@B81-ijms-16-19657]\]. The positive systemic effects of exercise also include the brain, and it is clear that regular exercise is beneficial for brain function and could play an important prophylactic and therapeutic role in stroke, AD, and PD \[[@B78-ijms-16-19657],[@B82-ijms-16-19657]\]. The effects of forced exercise are very complex and could include neurogenesis via the action of neurotrophic factors such as BDNF and NGF, increased angiogenesis, and decreased oxidative damage \[[@B83-ijms-16-19657],[@B84-ijms-16-19657]\].

Previous studies have suggested that exercise may release antioxidant enzymes. Rats trained in swimming suffer from a significant augmentation of lipid peroxidation and increases in glutathione peroxidase (GPX) activity \[[@B85-ijms-16-19657]\]. Moreover, the activities of antioxidant enzymes vary based on brain region and, accordingly, the effects of exercise are also dependent on brain region. In certain brain areas, such as the brain stem and corpus callosum, exercise results in the increased activity of SOD and GPX \[[@B85-ijms-16-19657]\]. In stroke-prone spontaneously hypertensive rats, exercise training can inhibit sympathetic nerve activity by decreasing oxidative stress via a blockage of angiotensin II type 1 receptor A \[[@B86-ijms-16-19657]\]. Neurogenesis-related research has suggested that regular treadmill training exerts a protective effect against sleep deprivation-induced spatial memory deficiencies via the induction of hippocampal signaling cascades that positively modulate basal and stimulated levels of key effectors such as P-CaMKII and BDNF and an attenuation of increases in the protein phosphatase calcineurin \[[@B87-ijms-16-19657]\]. However, long-term periodic exercise training in rats does not appear to significantly alter lipid peroxidation levels in the brain \[[@B88-ijms-16-19657]\]. Ogonovszky *et al.* \[[@B89-ijms-16-19657]\] subjected rats to moderate exercise, very hard exercise, and over-training and observed beneficial effects on brain function and a reduced accumulation of ROS, even with very hard exercise and over-training.

It has been suggested that BDNF regulates brain development, neuroplasticity, neurogenesis, neurite outgrowth, synaptic plasticity, and cell survival \[[@B90-ijms-16-19657]\]. Treadmill exercise has been shown to increase BDNF levels and enhance the activity of PKA/Akt/CREB and MAPK/CREB signaling pathways in the hippocampus of middle-aged and old rats \[[@B91-ijms-16-19657]\]. Likewise, exercise and oxidative stress up-regulate the expression and protein content of BDNF \[[@B92-ijms-16-19657]\] and exercise enhances the content of BDNF and TrkB, activates CREB, and increases the expression of BDNF to make neurons more resistant to oxidative stress, probably via an alteration of the redox state \[[@B79-ijms-16-19657]\]. Other trophic factors enhanced by exercise include IGF-1 and VEGF. IGF-1 is essential for neurite growth, neurotransmitter synthesis and release, and is believed to be functionally associated with the action of BDNF \[[@B93-ijms-16-19657]\]. Recent studies indicate that the exercise-mediated induction of VEGF levels is regulated by activation of the mammalian target of rapamycin (mTOR) pathway \[[@B94-ijms-16-19657]\] and it is well established that exercise increases neurogenesis, a process which benefits brain function \[[@B90-ijms-16-19657]\]. It has been suggested that BDNF is one of the major regulators of neurogenesis. VEGF is also heavily involved in neurogenesis and the effects of exercise in terms of VEGF content and mRNA expression seem to be dependent on the dose of exercise.
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